improve cerebellar phenotypes. It is encouraging that exercise and the accompanying increase in neuronal activity and metabolic demands do not seem to exacerbate the disease process in vulnerable neuronal populations, which may be important in a variety of neurodegenerative disorders.
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D
ominance hierarchy is a fundamental organizing mechanism for most animal societies (1) . The dominance status determines access to resources and profoundly affects survival, health, reproductive success, and multiple behaviors (2) (3) (4) . Once established, the hierarchy rank is relatively stable and can minimize intense fights among group members (5). Dominance hierarchy emerges early in development and is present in children as young as 2 years old (6). Moreover, dominance has been linked to heritable traits in animals (7, 8) and humans (9) . The ubiquitous, inheritable nature and the early developmental emergence suggest that dominance hierarchy is encoded by innate neural mechanism (10). Yet, current understanding of the neural mechanisms associated with social hierarchy-the neural circuits underlying status-related behavioral differences and the mechanism for initiating changes in social status-is surprisingly limited.
To investigate the neural mechanisms underlying social hierarchy, a robust and reliable behavioral assay is essential. The tube test, in which one mouse forces its opponent out backward from a narrow tube-developed to measure the dominance tendency of mice (11) (Fig. 1A) -was previously used mostly for comparison between mice of different strains (11) or genotypes (12) . To measure the hierarchical relation of animals within the same social group, we applied the tube test to cage groups of four male C57/BL6 mice, living together for at least 2 weeks. Mice were tested pair-wise using a round robin design, and the social rank was assessed on the basis of winning against the other three cage mates (Fig. 1,  A and D) . We validated the tube test to be a reliable measure of dominance ranking by the following three criteria: 1) Transitivity-when mouse A is more dominant over B and B more dominant over C, then A should be dominant over C (Fig. 1B) . We analyzed the relation of any three mice from a cage group; rank was transitive in 95% (251 out of 264) cases (Fig. 1B) . Consistent with this high transitivity, in 89% (78 out of 88) of the trials, a four-mouse group adopted a linear social diagram among the four possible combinations (Fig. 1C) .
2) Stability over time (2) . For stability evaluation, rank was measured daily for 7 days (Fig.  1, D and E) . Mice adopted the same rank position as the previous day in 59% (127 out of 216) of the comparisons. Having a reward for taking the tube test (see Methods) did not affect the linearity or stability of the rank (Fig. 1C and fig. S1A ). It was noteworthy that the time spent in the tube was significantly shorter when the mouse of the lowest rank (rank-4) was involved or as rank distance increased (Fig. 1F) . Moreover, rank did not correlate with either the weight (when weight difference is below 15%) (P = 0.96, one-way analysis of variance) ( fig. S1B ) or the locomotive activity in the open field (P = 0.41) ( fig. S1C ).
3) Consistency with results of other dominance measures. To rule out factors unrelated to dominance, e.g., sensorimotor capacity, learning ability, and persistence, we compared the tube test results with those obtained by five additional dominance assays. First, in the visible burrow system (VBS), where food and water are relatively difficult to access and weight change reflects dominance (13) , the tube-test ranks correlated linearly with weight changes ( Fig. 2A and fig.  S2A ). Second, tube-test ranks also linearly correlated with the ranks by the agonistic behavior test, in which dominance is determined by scoring agonistic behaviors in a novel context (Fig. 2B  and fig. S2B ). Third, in the barber assay where the most dominant mouse barbers the whiskers of its cage mates ("Dalila effect") (12, 14) , the barber mouse was ranked first by the tube test in six of seven cages (Fig. 2C) . Fourth, in the urinemarking assay, where dominant mice mark larger territories than subordinate ones (15), we found 71% (30 out of 42) consistency with the tube-test result (Fig. 2D) . Finally, in the test of ultrasonic vocalization toward females in which dominant males emit more 50-to 70-kHz ultrasonic courtship songs (16), we found rank-1 mice in the tube test emitted markedly more ultrasounds toward a female than mice of lower ranks in 9 out of 10 cages ( Fig. 2E and fig. S2C ). In addition, dominance ranking significantly correlated among these five tests themselves ( fig. S2 ). Although the reliability and validity of each assay in measuring the dominance behavior may be debatable (5, 17) , the high consistency of ranking results from these multiple assays strongly supports the notion that dominance is a common dependable variable underlying a variety of behaviors that use different sensorimotor skills ( fig. S3 ).
Where and how is the hierarchical information encoded in the brain? Functional brain imaging studies in humans have implicated the dorsolateral prefrontal cortex (dlPFC) and medial prefrontal cortex (mPFC) in dominance hierarchyrelated behaviors (18, 19) . Trial percentage The P value is obtained by two-tailed Student's t test on natural logtransformed data in comparison with rank-1. **P < 0.01; ***P < 0.001. Error bars, SEM. log of these regions in rodents is the dorsal mPFC, including the anterior cingulate cortex (AC) and the prelimbic cortex (PL) (Fig. 3A ) (20) . Moreover, mPFC lesion lowered the social rank in rats (21) . Therefore, we investigated potential differences in the synaptic properties in this region between dominant and subordinate mice. Acute brain slices containing mPFC were made from rank-1 and rank-4 mice, and miniature excitatory synaptic currents (mEPSCs) mediated by the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) subtype of glutamate receptors were measured by whole-cell recording from layer V pyramidal neurons, the primary mPFC output neurons (Fig. 3B) . The amplitudes, but not the frequency, of mEPSCs were significantly larger in rank-1 than rank-4 mice of the same cage group (P < 0.0001, KolmogorovSmirnov two-sample test) (Fig. 3, C and D) . The difference was significant for each of the five pairs of mice recorded (Fig. 3E) . These results indicate dominant mice have a higher excitatory synaptic strength in layer V pyramidal neurons than their subordinates, which could result in stronger output of these excitatory neurons to other brain regions. Consistently, dominant mice exhibited significantly higher number of c-Fospositive neurons in the PL region of mPFC after the tube test (Fig. 3, F and G) .
To determine whether the difference in mPFC synaptic efficacy could contribute to the rank status, we manipulated the function of excitatory synapses in dorsal mPFC using a Sindbis virus-based in vivo recombinant DNA-delivery technique (22) (23) (24) (Fig. 4A) . Small guanosine triphosphatases Ras and Rap potentiate and depress AMPA receptor-mediated transmission, respectively, in the hippocampus by regulating synaptic trafficking of AMPA receptors (25) . We verified these effects in the mPFC neurons in vivo by localized mPFC injection of Ras-or Rap-expressing Sindbis viruses and whole-cell recording of injected neurons (Fig. 4B) . Sindbis virus preferentially infects pyramidal neurons ( fig.  S4) , and the basic electrophysiological properties of infected neurons, including the input resistance and leak current, were indistinguishable from those of uninfected neurons within 48 hours of infection ( fig. S4 , see also SOM text note 1). At 12 to 24 hours postinfection, neurons infected with Ras virus had higher amplitudes of AMPA receptor-mediated EPSCs (179 T 24% of controls, P = 0.0093, Wilcoxon signed rank test), in comparison with neighboring uninfected control cells (Fig. 4, B and E, and fig. S5A ), whereas Rap-expressing neurons had lower EPSC amplitudes ( Fig. 4E and fig. S5B , 71 T 9% of controls, P = 0.025). The behavioral consequences of these synaptic manipulations were further assessed by bilateral high-titer viral injection into the dorsal mPFC of one mouse from each cage group with stable ranks (persisting for at least four continuous daily trials before the injection) ( fig. S7 ). Mice infected with Ras virus moved upward in the rank, starting as early as 12 hours after viral injection (Fig. 4, F and G, and fig.  S8A ). In contrast, mice infected with Rap virus moved downward in the rank (Fig. 4, F and G,  and fig. S8B ). Infection of virus expressing green fluorescent protein (GFP) alone did not result in any rank shift (Fig. 4, F and G, and  fig. S8E ).
As the synaptic effect of Ras may involve both pre-and postsynaptic changes (25, 26) and Ras-induced synaptic potentiation was relatively transient (<3 days) ( fig. S6 ), we then manipulated the AMPA receptor-mediated transmission more specifically by using constructs that express either the AMPA receptor subunit GluR4, which undergoes synaptic delivery and increases synaptic transmission under basal conditions (27, 28) (see also SOM text note 2), or the C terminus of GluR4 (R4Ct), which can block synaptic trafficking of AMPA receptors (27) (see also SOM text note 3). Recording in acute mPFC slices from virus-infected mice revealed that viral expression of GluR4 potentiated (173 T 22% of controls, P = 0.01), whereas R4Ct depressed (24 T 2% of controls, P = 0.0006), AMPA-EPSCs in mPFC (Fig. 4, C to E,  and fig. S5 ). Correspondingly, GluR4 increased, whereas R4Ct decreased the tube-test rank of injected animals (Fig. 4, F to G, and fig. S8 ). Analysis of the viral infection sites reveals that the rank change correlated best with the infection rates in the PL region ( fig. S7) . Injection of the same amount of R4Ct virus into the M1 motor cortex had no effect on the rank (Fig. 4G fig. S9 ), which indicated that the effect is mPFC-specific. To confirm that viral manipulations in mPFC affected dominance instead of other variables that could alter tube-test behavior ( fig. S3 ), we performed an additional dominance measure, the ultrasonic vocalization test. When tested for ultrasound vocalizations toward a female, low-rank mice injected with GluR4-expressing virus displayed a significant increase, whereas high-rank mice injected with R4Ct-expressing virus showed a marked decrease in both the frequency and duration of ultrasound production at 36 to 60 hours after viral injection (Fig. 4H and fig. S10 ), resulting in a bidirectional shift in ultrasonic test rank (Fig. 4I and fig. S10 ).
Here, we established that the tube test is a simple and reliable method that provides hierarchical ranking of social groups in mice. Using this and other dominance measures, we identified the mPFC circuitry, in particular the dorsal mPFC, as a neural substrate for dominance hierarchy.
The bidirectional modulation suggests that the effect of mPFC synaptic efficacy on dominance is specific and unlikely to be due to secondary effects.
How could mPFC contribute to the determination of social status? Social hierarchy behavior depends on a collection of cognitive traits involving recognition of social status, learning of social norms, and detection of violation of social norms (10) . mPFC has been explicitly implicated in social cognition (29) to regions such as dorsal raphe, ventral tegmental area, hypothalamus, and amygdala, mPFC exerts top-down controls on serotonin and dopamine release, endocrine function, and fear response. All of these could contribute to key features of the dominance behaviors, including aggressiveness, stress responsiveness, and fearfulness. It will be of interest to determine which of these mPFC downstream circuits are specifically involved in setting the dominance hierarchy and to investigate how the dominance rank is initiated and maintained by differential neuronal activities in these circuits. Likewise, it will also be important to understand how the behavioral specificity of mPFC is generated by distinct upstream inputs, given the multiple functions that mPFC has been implicated in [reviewed by (30) and, recently, (31) (32) (33) (34) ]. The identification of a neural substrate of dominance hierarchy should provide new insights into the coding of a fundamental social behavior in the mammalian nervous system.
